Vero cells were infected by Kunjin virus and radiolabelled in the presence of the leucine analogue, threo-fl-hydroxy-DL-leucine (THL). This analogue is known to prevent preprotein processing in cell-free systems when incorporated into signal peptides. Novel Kunjin virus-specified proteins were detected, namely gpl40, p120 and gp92; the designations for the proteins indicate their approximate Mr × 10 .3 and whether they are glycosylated. The glycoproteins gp 140 and gp92 were observed in cells labelled with [3H]mannose and bound to concanavalin A. Limited proteolytic digestion of gpl40, gp92 and gp66 (related to the envelope protein E), and tryptic peptide mapping of these three glycoproteins and p120 indicated that all four were closely related. The glycoproteins gpl40 and gp92 were also detected in cells infected by West Nile virus radiolabelled in the presence of THL. Other effects of THL in Kunjin virusinfected cells were (i) a reduction in the incorporation of radioactive amino acids or mannose, (ii) a decrease in the yield of haemagglutinin and infectious virus, (iii) an inhibition of processing of gp66 to gp53 and (iv) an apparent inhibition of synthesis of P98 and P71. We suggest possible explanations for the THL-induced changes in infected cells based on recent models proposed for the synthesis of the yellow fever and West Nile viral proteins.
INTRODUCTION
Kunjin (KUN) virus is a member of the Flavivirus genus within the Flaviviridae family (Westaway et al., 1985) . Some other important members of the genus are yellow fever (YF), West Nile (WN), dengue type 2 (DEN-2), Murray Valley encephalitis (MVE) and tick-borne encephalitis (TBE) viruses. The flavivirus genomic RNA is a single-stranded, polycistronic molecule of approximate Mr 4.2 x 10 6, possessing a 5' cap but lacking a 3' poly(A) tail (for review, see Westaway, 1980; Westaway et al., 1985) . Nucleotide sequencing of WN and YF viruses has revealed that the genome contains one long open reading frame over 10000 nucleotides in length. This suggests that viral polypeptides are produced by proteolytic cleavage of precursor proteins (Rice et al., 1985 ; Castle et al., 1986) . The structural proteins of flaviviruses are C (core), M (membrane) and E (envelope protein) (Stollar, 1969; Westaway, 1973; Westaway et al., 1980) . E is not glycosylated in some strains of KUN and WN viruses (Wright, 1982; Wengler et al., 1985) although it is related to intracellular viral glycoproteins (Wright et al., 1981; Wright & Warr, 1985) . The Mr of C, M and E for KUN virus are 13500, 8500 and 51000 respectively; the intracellular equivalents of E and C are P51 (E) and P i4(C) (Westaway, 1980; Westaway et al., 1980) . M is not observed in infected cells, but arises from cleavage of a glycoprotein precursor named NV2 (Shapiro et al., 1972; Castle et al., 1985) or prM (Rice et al., 1985) .
At least six unique non-structural proteins are detected in cells infected by KUN virus (Westaway, 1980) . Until now no proteins larger than one of Mr 98000 (named P98 or NV5 or NS5) have been detected in KUN virus-infected cells, despite the use of amino acid analogues and inhibitors of proteases in attempts to disrupt any post-translational cleavages (Westaway & Shew, 1977) . Similarly, in pulse-chase experiments no proteins larger than Mr 98 000 have been 0000-7419 © 1987 SGM G. R. CRAWFORD AND P. J. WRIGHT observed (Westaway & Shew, 1977; Westaway, 1977) . However, the detection of possible precursor polypeptides in BHK cells infected by DEN-2 virus has been reported, although these proteins were not characterized by peptide mapping, nor were their relationships to other viral proteins investigated. Using short pulse-labelling periods, Cleaves (1985) observed polypeptides ranging in Mr between 100000 and 250000 which were apparently chased into smaller virusspecified proteins. Ozden & Poirier (1985) treated infected cells with canavanine (an arginine analogue) and observed new proteins p130 and pl15. In addition, DEN-2 virus p130 was detected in short pulse-labelling and pactamycin experiments, and was immunoprecipitated by antiserum against DEN-2 virus. These recent results with DEN-2 virus, and the presence of the long open reading frame in the genomes of YF and WN viruses together provide strong evidence for cleavage of precursor polyprotein in the synthesis of flavivirus polypeptides.
In this paper we present the first report of the effects of the leucine analogue threo-/~-hydroxy-DL-leucine (THL) on the synthesis, translocation and cleavage of proteins in virus-infected cells. THL is known to inhibit the processing of preproteins in cell-free systems (Hortin & Boime, 1980; Gast, 1983) . It has been shown to inhibit the binding of the signal recognition particle to ribosomes carrying a nascent polypeptide with a signal sequence, and thus prevents the insertion of the polypeptide into the endoplasmic reticulum (Walter et al., 1981) . We reasoned that the incorporation of THL into KUN virus proteins might enable the detection of possible precursor polypeptides by modifying the normal patterns of cleavage or glycosylation or of both of these processes in infected cells. We report here the synthesis of novel proteins gp 140, p 120 and gp92, and suggest explanations for their formation based on models proposed by 
METHODS

Cells and virus.
Vero cells were grown at 37 °C in medium M 199 supplemented with 7.5 % foetal calf serum and then maintained after infection at 37 °C in Eagle's MEM containing 0.1% bovine serum albumin (BSA). Cells were infected with a 10% (w/v) suspension of virus-infected suckling mouse brain. The strains of KUN and WN viruses used were M RM61C and Sarafend respectively (Westaway, 1966) . Plaque assays were done as previously described (Bowden & Westaway, 1984) i and cultures were stained with neutral red in Hanks' balanced salt solution after 4 days at 37 °C. Haemagglutination assays were based on the method of Clarke & Casals (1958) , using microtitre trays. Haemagglutination at 37 °C was optimal at pH 6.4.
Preparation ofradiolabelled cells.
Vero cells were infected with KUN or WN virus at an m.o.i, of 25. At 25 h after infection the maintenance medium was replaced with MEM containing 3 p~g/ml actinomycin D (AMD), no glucose and one-hundredth the normal concentration of amino acid mixture A (Commonwealth Serum Laboratories), i.e. one-hundredth the normal concentration of leucine, methionine, arginine, histidine, isoleucine, lysine, phenylatanine, threonine, tryptophan and valine. The ceils were incubated for 2.5 tx and then the medium was replaced with MEM containing 3 gg/ml AMD, no glucose and none of the previously listed amino acids; this medium contained 4 mM-THL as required. After 30 min, [3H]methionine or [35S]methionine or [3H]mannose was added to a final concentration of approximately 50 vtCi/ml. Cells were usually pulse-labelled for 40 min; in some experiments the pulse was extended to 100 min. In pulse-chase experiments the medium was replaced after the 40 min pulse with MEM containing 3/ag/ml AMD, the normal concentrations of glucose and amino acids, and 4 mM-THL as required. The duration of the chase was 60 min. Following the pulse or chase time periods, cells were washed twice in ice-cold phosphate-buffered saline and dissolved in 2% SDS.
Affinity chromatography using concanavalin A (Con A). This was done as previously described (Wright & Warr, 1985) using Con A-Sepharose 4B (Pharmacia). Three to 10% of the [35S]methionine-labelled material bound specifically to the Con A-Sepharose and was subsequently eluted from it. Material that failed to bind to Con ASepharose was retained and used as a source of unglycosylated viral proteins. Both glycosylated and unglycosylated proteins were further purified by electrophoresis through polyacrylamide gels before limited or exhaustive proteolytic digestions.
PAGE of proteins.
Proteins were separated in polyacrylamide gels containing SDS using a discontinuous buffer system (Laemmli, 1970) . In analytical slab gels, labelled proteins were detected by fluorography (Bonner & Laskey, 1974) . Following initial analyses on slab gels, labelled proteins were separated on 7 % preparative column or slab gels. Proteins of interest were located in column gels using the method of Smith & Wright (1985) and in stab gels by exposure of the wet, unfixed gel to X-ray film. Proteins were eluted from gel slices into 0.19/oo SDS.
Limitedproteolytie digestion. Limited proteolysis was done as previously described (Wright et al., 1981) . Samples of proteins in 20 vl volumes were digested with (i) 1 ~tg of Staphylococcus aureus V8 protease (Sigma) at 30 °C for 15 min or 150 min, or (ii) 25 ~tg of ~-chymotrypsin (Worthington) at 30 °C for 150 min.
Analysis of tryptic peptides by HPLC. Viral proteins were eluted from preparative gels into 0.1 ~ SDS; 2 mg ovalbumin carrier was added and the samples were treated with dithiothreitol and iodoacetamide before digestion with TPCK-treated trypsin (Worthington) (Wright & di Mayorca, 1975 ). An initial digestion with 0.1 mg of trypsin at 37 °C for 20 h was followed by a further 0.1 mg for 4 h at 37 °C. Digested proteins were analysed using a Waters HPLC system and a Radial-Pak ~tbondapak C~8 cartridge column (Waters Associates) at 25 °C as previously described (Wright et al., 1983) 
RESULTS
Effect of THL on virus-infected cells
The presence of 4 mM-THL caused a decrease in the incorporation of radioactive label in both mock-infected and KUN virus-infected cells to approximately 25 ~ of the level of incorporation in untreated cells. THL also reduced the yield of infectious virus when added immediately after infection of cells. At 22 h post-infection, the titre of the virus produced in the presence of THL was 4.5 loglo units less than the titre of virus produced by untreated controls (approx. 10 s p.f.u./ml). No haemagglutinating activity was detected in the culture medium of THL-treated cells whilst the haemagglutination titre in the medium of untreated cells was routinely 32 HA units/0.025 ml.
The analyses of Vero cells infected with KUN virus and pulse-labelled with [3H]methionine for 40 min in the absence and presence of THL are displayed in Fig. 1 (a) . The major KUN virusspecified proteins are shown in lane 2. P98, P71, PSI(E), prM, p18 and P14(C) were consistently found in KUN virus-infected Vero cells as previously described (Westaway, 1980; Westaway et al., 1980) . The name prM (or precursor to M) is the designation given by Rice et al. (1985) to the glycoprotein also designated NV2 (Shapiro et al., 1972; Castle et al., 1985) . The protein p18 has previously been confused with the glycoprotein NV2 (GP19) in KUN virus-infected cells, but is now known to be unglycosylated (unpublished results). The relationship of p18 to prM is currently under investigation. The relationship of p27 and p 15 to the other KUN virus-specified proteins awaits further investigation.
In the presence of THL (Fig. 1 , lane 4) the following effects were observed. (i) Less P98 and PT1 were detected (compare lanes 2 and 4). The extent of this reduction was variable, although in most experiments little or no PT1 was detected in the presence of THL. (ii) The migration of P51 (E) and prM was retarded. In a series of experiments in which the concentration of THL was progressively increased to 16 mM, there was a concomitant progressive retardation in the migration of P51 (E) and prM. This indicated that the proteins labelled P51 (E) and prM (in lane 4) were not novel THL-induced proteins. Furthermore, P51(E) synthesized in the presence and absence of THL was immunoprecipitated by antiserum raised against the envelope (E) protein of KUN virus (results not shown). This effect of slightly lower electrophoretic mobility may be due to decreased binding of SDS to the more polar THL-containing protein (Hortin & Boime, 1980) . (iii) New large polypeptides gpl40 and p120 were synthesized. These two proteins were consistently observed in THL-treated cells. More gpl40 than p120 was always detected.
Improved resolution of gp 140 and p 120 was obtained in the 7 ~ polyacrylamide gel shown in Fig. 1 (b) . The positions of P98, P71 and P51(E) are indicated in lane 2 (untreated cells). The glycoprotein gp66 was resolved from P71 ; gp66 is one of a series of three E-related glycoproteins (a) 1 2 3 4 P 9 8~ which are more readily detected after labelling with pHJmannose (Wright et al., 1980 (Wright et al., , 1981 . In low strength gels or after Con A-Sepharose affinity binding (see Fig. 3 below), these glycoproteins are evident after labelling with radioactive methionine. The novel proteins gpl40 and p120 were clearly resolved in the analysis of THL-treated cells 0ane 1). The three bands above gpl40 represent host-coded proteins (results not shown). An additional THL-induced glycoprotein gp92 migrating ahead of P98 was observed. In low strength polyacrylamide gels, gp92 was always detected after T H L treatment of K U N virus-infected Vero cells, and was clearly resolved from host proteins. Thus three novel proteins were detected in infected cells labelled in the presence of THL, namely gpl40, p120 and gp92.
The pattern of glycoprotein synthesis in K U N virus-infected Vero cells was observed by labelling with [3H]mannose. In the absence of THL, the major K U N virus-specified glycoproteins gp66, gp59, gp53 (all E-related) and prM were detected after a 40 min pulse (Fig.  2a, lane 3) . The glycoprotein gp66 was converted to gp53 during a 60 rain chase (lane 5) as previously described (Wright et al., 1981 ; Wright & Warr, 1985) . In the presence of THL, both gp 140 and gp92 were synthesized during the pulse (lane 4) and were apparently stable during the chase (lane 6). In addition, the processing of gp66 to gp53 was inhibited. The labelling of gp 140 and gp92 with [3H]mannose and the lack of labelling of p120 established the glycosylated and unglycosylated nature of these proteins. To determine whether THL was able to change the pattern of protein synthesis in cells infected by viruses other than Kunjin, the effect of THL on cells infected with WN virus was also investigated (Fig. 2b) . In WN virus-infected cells labelled with [3H]mannose in the absence of THL, gp66, gp58 and gp54 were detected (lane 2) as previously described (Wright & Warr, 1985) . In the presence of THL, gpl40 and gp92 were also synthesized (lane 3). The band representing gp92 is faint in Fig. 2 
Selection of glycoproteins using Con A-Sepharose
The lectin Con A coupled to Sepharose 4B selectively binds glycoproteins because of the affinity of Con A for molecules containing terminal ~-o-glucopyranosyl, ~-D-mannopyranosyl or sterically related sugar residues (Goldstein et al., 1965) . Binding to Con A was used as the first step in the purification of glycoproteins from SDS-treated whole cell extracts. The analyses by PAGE of a typical Con A binding experiment are shown in Fig. 3 , The starting material for the experiment was infected cells labelled with [35S]methionine in the presence of THL (lane 1). Glycoproteins that bound to the Con A-Sepbarose and were subsequently eluted from it are shown in lane 2 (bound fraction). The glycoprotein fraction contained gpl40, gp92, gp66, gp59 and gp53. The glycoproteins gpl40 and gp92 were clearly separated from p120 and P98 which were left in the unbound (protein) fraction (lane 3). The band representing p120 in lane 3 was more easily seen in original films. The designation of gp 140 and gp92 as glycoproteins and p 120 as a protein was further supported by the results of the Con A procedure. Anomalous migration of gp53 relative to P51(E) (lane 2) is routinely observed. 
Limited proteolytic digestion of purified glycoproteins
To investigate possible relationshps among gpl40, gp92 and gp66, samples of these glycoproteins purified by Con A binding and P A G E were subjected to limited proteolytic digestion. The glycoprotein gp66 was chosen for comparison with gpl40 and gp92 because (i) it is abundant in infected cells pulse-labelled in the presence of THL, (ii) it is related to the envelope protein E (Wright et al., 1981 ; Wright & Warr, 1985) and (iii) the coding region for E on the flavivirus genome is close to the 5' end where protein synthesis is initiated Rice et al., 1985) . In Fig. 4(a) the analyses of undigested samples of gpl40, gp92 and gp66 are shown in lanes 1 to 3. Samples (shown in the same order) were digested with V8 protease for 15 rain (lanes 4 to 6) and 150 min (lanes 7 to 9), and with cechymotrypsin for 150 min (lanes 10 to 12). When the patterns of peptide bands generated by digestion of the three glycoproteins were compared it was clear that gpl40, gp92 and gp66 shared common peptides. This was most evident in the ~-chymotrypsin digestions of all glycoproteins (lanes 10 to 12), and in the V8 digestions of gpl40 and gp92. Samples of gp66 synthesized in the presence of T H L and in the absence of THL were subjected to c~-chymotryptic digestion to confirm that gp66 (made in the presence of THL) was authentic gp66 (related to E) and not a novel THL-induced comigrating glycoprotein. The results are shown in Fig. 4(b) and indicate that the two polypeptides are the same. 
HPLC analysis of tryptic peptides
Samples of gp 140, p 120, gp92 and gp66 purified by the Con A binding procedure and PAGE were exhaustively digested with trypsin and the tryptic peptides were separated using reverse phase HPLC. Fig. 5 shows the result of tryptic peptide .mapping of the three glycoproteins gpl40, gp92 and gp66. The positions of ovalbumin marker peaks, monitored at 210 nm, are shown as short bars at the top of each map. The consistent positions of these internal markers were evidence for the reproducibility of the separations of tryptic peptides by HPLC. Significant peaks representing radiolabelled viral peptides were numbered from left to right; peptides with the same number were considered to have identical elution positions. In Fig. 6 the peptide maps of gp 140 and p 120 are shown. Peptides common to all four proteins were numbers 1, 2, 5, 6, 7, 8, 10, 11, 12, 14 and 15, a total of eleven. Additional peptides common to gp 140, p120 and gp92 were numbers 9, 13 and 16. Peptide number 3 was detected only in the two larger proteins gpl40 and p120, whereas peptide number 4 was only found in gp92 and gp66. In summary, the results presented in Fig. 4 (limited digests) and Fig. 5 (exhaustive digests) indicated that gp 140, gp92 and gp66 were closely related; the results in Fig. 6 demonstrated that gpl40 and p120 were closely related. It follows that gpl40, p120, gp92 and gp66 all contain Erelated sequences as the relationship of E to gp66 is firmly established (Wright et al., 1981; Wright & Warr, 1985) .
DISCUSSION
The genome of flaviviruses contains one long open reading frame of approximately 10 300 nucleotides, indicating that viral proteins are probably formed by cleavage of a polyprotein precursor. The proposed gene sequence is 5'-C, prM(M), E, NS1, ns2a, ns2b, NS3, ns4a, ns4b, NS5-3' (Rice et al., 1985; Castle et al., 1986) . Amino terminus analyses of viral proteins have led to the identification of cleavage sites at the start of the structural and some non-structural proteins (Boege et al., 1983; Bell et al., 1985 ; Castle et al., 1985 ; Rice et al., 1985 Rice et al., , 1986 Wengler et al., 1985) . Host proteases may be used in the production of the structural proteins; in particular prM, E and NS 1 may be cleaved from the hydrophobic regions preceding their amino termini by a signal peptidase which usually cleaves the signal or leader peptide of proteins inserted into the endoplasmic reticulum of uninfected cells Rice et al., 1985) . It has also been suggested that a virus-coded protease, preferentially cleaving at sites containing two basic amino acids, may release the non-structural polypeptides from the precursor polyprotein (Rice et al., 1985) . Since the incorporation of THL into a protein is expected to change the hydrophobicity and secondary structure of the protein, the normal synthesis and processing of flavivirus proteins may be disrupted in several possible ways by the incorporation of the analogue (Hortin & Boime, 1980 , 1983 . The binding of nascent protein to microsomes and the insertion of proteins into membranes may be inhibited if the hydrophobicities of signal and other membrane-spanning peptides are reduced by incorporation of THL in the place of leucine. Cleavages by host peptidases following regions functioning as signal peptides may be prevented either because membrane insertion has failed and signal peptidase is separated from its substrate, or because THL incorporated close to the cleavage site renders the site resistent to proteolysis. Furthermore, the activity of a virus-coded protease may be reduced by incorporation of the analogue.
Novel polypeptides gpl40, p120 and gp92 were detected in KUN virus-infected cells radiolabelled in the presence of THL. Limited proteolytic digestion and tryptic analyses demonstrated that they were related to each other, to gp66 and thus to E. The relationship to E indicated that they were encoded by regions towards the 5' end of the genome. We suggest that novel proteins were synthesized in the presence of THL because of (i) partial inhibition of insertion into membranes, and (ii) the failure of the signal peptidase to cleave efficiently those polypeptides which were inserted and glycosylated. The protein p120 may be composed of the polypeptide sequences of C, prM, E and NS1, and remain unglycosylated and uncleaved because of failure to insert into the endoplasmic reticulum. The likely composition of p 120 was deduced from the sum of the Mr of the above polypeptides, and is consistent with resuRs obtained by cell-free translation of KUN virus RNA. In these experiments a protein of Mf 121000 was detected and contained tryptic peptides of C and E (Monckton & Westaway, 1982) . In the synthesis of gp140 and gp92, insertion and glycosylation of polypeptides apparently occurred, but proteolytic cleavage was incomplete. A glycosylated polyprotein composed of C, prM, E, NS1 and probably ns2a would have approximately the same Mr as gp140. A glycoprotein composed of C, prM and E (the prS of TBE virus postulated by Lyapustin et al., 1986) , or of E and NS1 would have approximately the same Mr as gp92. Since NSI (NV3 or gp44 in the former nomenclature) is difficult to detect in KUN virus-infected cells (Wright et al., 1977) , and ns2a has not yet been identified, further mapping experiments to characterize gp 140 and gp92 were not considered worthwhile at this time.
The sites at which insertion into membranes is most likely to fail are the hydrophobic domains immediately preceding the amino termini of prM, E, NS 1 and possibly ns2a. Cleavage by signal peptidase of proteins that do insert into the endoplasmic reticulum also possibly fails at the amino termini of these proteins. The amino acid sequences surrounding the likely C-prM, prM-E, E-NS1 and NSl-ns2a junctions of several flaviviruses are shown in Fig. 7 . The amino terminus of ns2a has not been confirmed by amino acid sequencing. It is probable that the KUN LC Irl ........... virus sequences most closely resemble the WN virus sequences, as a strong relationship between KUN and WN virus has been identified by serology (Westaway, 1966) , peptide mapping (Wright et at., 1983) and nucleotide sequencing (M. Parker, G. Coia & E. G. Westaway, personal communication). The frequency of occurrence of leucine residues in the sequences presented in Fig. 7 suggests the following explanations for the synthesis of the novel proteins in the presence of THL, when some or all of these leucine residues may be replaced by THL. These explanations are based on the models proposed by Wengler et al. (1985) and Rice et al. (1985) for the insertion into membranes, cleavage and glycosylation of the structural proteins. The protein p120 may be formed because the signal sequence preceding prM is not inserted into the endoplasmic reticulum, and the following signal sequences preceding E and NS1 also subsequently fail to function (see Fig. 5 in Wengler et al., 1985) . Thus p120 remains unglycosylated and uncleaved by signal peptidase. However, the inhibition of function of the signal sequences is not complete, as gpl40 and gp92 are glycosylated and therefore these polypeptides are inserted into the endoplasmic reticulum prior to their glycosylation. We suggest that gpl40 is detected because signal peptidase fails to cleave at the amino termini of prM, E, NS1 and possibly ns2a, whereas gp92 is detected because cleavage fails at junctions either between C-prM and prM-E, or between E-NS 1. The inhibition of processing of gp66 to gp53 in the presence of THL (Fig. 2a) also suggests a lack of cleavage, although the site(s) involved in proteolysis are unidentified at present. The apparent inhibition of synthesis of P98 and P71 in the presence of THL (Fig. la) is difficult to explain solely on the basis of the known effects of THL incorporated into protein.
Limited proteolytic digestion and peptide mapping excluded the possibility of P98 and P71 being contained within gpl40, p120 or gp92, as these polypeptides are E-related and the coding region for E near the 5' end of the genome is well separated from the coding regions for P98 (NS5) and P71 (NS3) towards the 3' end (Rice et al., 1985) . The distance between the coding regions is too great for E and either P98 or PT1 to be contained in gpl40, p120 or gp92. Possible explanations for the lack of P98 and P71 detected are as follows. (i) P98 and P71 containing THL were highly susceptible to proteolytic degradation. (ii) The formation of P98 and P71 was dependent on the synthesis of an active viral protease. In the presence of THL, the activity of the protease was inhibited and the resulting large uncleared polypeptides containing P98 and P71 sequences were also susceptible to degradation as in (i). Alternatively, by some unknown mechanisms THL either (iii) induced premature termination of protein synthesis by ribosomes traversing the whole length of the genome, or (iv) prevented initiation of protein synthesis downstream of the second ribosome attachment site proposed by Westaway et al. (1984) .
Our results provide the initial demonstration of the effects of THL on protein synthesis and processing in virus-infected cells. In addition, we have analysed for the first time the relationships among flavivirus-specified polyproteins. Further use of THL may provide some valuable insights into the synthesis of proteins in other virus--cell systems.
We wish to thank Dr G. W. Smith and Ms H. M. Warr for expert technical advice. This work was supported by a grant from the National Health and Medical Research Council of Australia.
